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Abstract 
 
In this work, we report on a self-aligned nickel silicide formation technique based on excimer laser annealing (ELA). 
We evaluate this process for the front contact formation of industrial PERC type solar cells on random pyramid 
textured Si surfaces where damage to surface texture, emitter passivation, or to the shallow junction should be 
avoided or minimized. PERC type solar cells obtained by POCl3 diffusion were processed on large area (12.5x12.5 
cm2) CZ-Si. Self-aligned litho-free Ni/Cu contacts defined by ps-laser ablation of the SiO2/SiNx anti-reflective 
coating (ARC) and subsequent ELA of the Ni layer were compared to conventional Ag screen printed contacts.  
The novel ELA process results in an absolute gain in Jsc of 0.8 mA/cm2 as well as a drop of 0.3 Ω.cm2 in series 
resistance (Rs) compared to SP Ag contacts due to reduced shading and resistance losses. This leads to 0.5% absolute 
increase in efficiency from 19.3% to 19.7% since other characteristics (Voc, pFF) could be maintained to the same 
level. In this work, the best performing cell with the ELA process reached an outstanding 20.0% energy conversion 
efficiency with Jsc=39.3 mA/cm2, Voc=649.8mV, and FF=78.3%. 
 
© 2012 Published by Elsevier Ltd. Selection and peer-review under responsibility of the scientific 
committee of the SiliconPV 2012 conference 
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1. Introduction 
Driven by the relatively high cost of silver (Ag), interest has grown in the Photovoltaic (PV) industry 
to substitute Ag by copper (Cu) contacts in a ‘seed and plate’ approach [1]. In this approach, self-aligned 
nickel (Ni) silicide contacts can be formed and subsequently covered with electroplated Cu to achieve the 
desired line conductivity.  
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Nickel silicides, formed by heating a stack of nickel and silicon (Si) at low temperature, have been 
well established in literature using conventional rapid thermal annealing (RTA) tools [2]. The formation 
of Ni2Si, NiSi, NiSi2 has been observed at different temperatures (250-300°C, 300-700°C and >700°C 
respectively). NiSi is the preferred phase for its excellent contact properties [2-3]. In PV, nickel silicide 
formation has been demonstrated using inline furnaces [4] or using dedicated RTA tools [5-6].  
One significant challenge of nickel silicide formation is reducing the risk for shunting of the solar cell 
p-n junction while achieving excellent contact properties. In order to minimize the risk of junction 
shunting, results of self-aligned Ni/Cu contacts have been reported using deep p-n junctions formed by 
laser doping [7-8] or by two-step diffusions [5-6] adding complexity and costs to the process. 
In this paper, we report on a novel nickel silicide formation process based on excimer laser annealing 
(ELA) which overcomes many of the limitations of conventional RTA. The ELA process consists in an 
original step-and-repeat approach to irradiate large portions of the wafer without damaging the emitter 
passivation. We study the impact of the ELA laser fluence on nickel silicide formation and on emitter 
dark saturation current densities. Finally, we demonstrate that the ELA process enables nickel silicide 
formation on shallow industrial emitters leading to high FF. 
 
2. Experimental 
In this work, nickel silicide formation was performed by irradiating a thin (40 nm) sputtered Ni layer 
with a, large area (10x10 mm2), >150 ns pulse duration XeCl Excimer (308 nm) laser from EXCICO. 
Large area (12.5x12.5 cm2, area=149 cm2) PERC type [9] solar cells were fabricated on standard 
commercial grade 1-3 Ω.cm, p-type, CZ-Si. The cells feature an industrial shallow type (< 400 nm) 85 
Ω/sq emitter obtained by POCl3 diffusion. Following diffusion, the junction isolation was performed in an 
inline one-side rear emitter removal tool [10]. Afterwards, the wafers were passivated on both sides with a 
thin thermal oxide grown at low temperature [11]. The SiNx ARC at the front and the SiO2/SiNx 
passivation stack at the rear were deposited by PECVD. The local Al-BSF contacts at the rear were 
obtained by ns-laser ablation of the rear passivation stack, Al PVD deposition, and subsequent firing. 
Standard screen printed Ag contacts were compared to self-aligned Ni/Cu contacts. In the latter case, 
the ARC was opened by ps-laser ablation (λ=355 nm). Subsequently, Ni was sputtered on top of the entire 
surface. Nickel silicidation was performed by ELA. The ELA was performed using a step-and-repeat 
approach (juxtaposition of 18x18 mm2 laser spots) to irradiate the entire wafer area without damaging the 
passivation and optical properties of the ARC. After that, unreacted Ni was removed using a selective wet 
etch chemistry to form self-aligned nickel silicide contacts. Finally, the contacts were thickened using 
light induced plating of Ni (to achieve the desired line conductivity before Cu plating) and electroplating 
of Cu. Cu was capped using a thin Ag (<100 nm) deposited by immersion to prevent rapid Cu oxidation. 
 
 
3. Results and discussions 
 
3.1. Impact of ELA on random pyramid texture 
 
The impact of the ELA on the front side texture, as shown in Fig.1 (a), was evaluated by measuring the 
reflectance at 700 nm as a function of ELA fluence on random pyramid textured CZ-Si.  
At about 1 J/cm2, the reflectance increases due to Si melting at the pyramid tips resulting in pyramid 
rounding as can be observed by scanning electron microscopy as shown in Fig.1 (b). Above 3 J/cm2, the 
pyramids are entirely molten and the texture is destroyed. 1D COMSOL simulations of the ELA process 
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on planar Si [12] revealed that the threshold for Si melting is at 1.6 J/cm2. The experimental threshold of 
1 J/cm2 on textured Si can be explained by heat trapping in the pyramid tips resulting in Si melting at 
lower laser fluence. 
 
 
Fig. 1. (a) Reflectance measurements at 700 nm on random pyramid textured CZ-Si as function of laser fluence. (b) Scanning 
electron microscope (SEM) picture of a sample irradiated at 1 J/cm2 
 
3.2. Nickel silicide formation by ELA 
 
Nickel silicide formation by ELA was evaluated by measuring sheet resistance (Rsheet) after ELA and 
selective removal of unreacted Ni. Wafers with a blanket 40 nm Ni layer received, in different locations, 
ELA shots with fluences ranging from 0.5 J/cm2 to 2 J/cm2. Measurements were performed using 4 point 
probe (4PP) in the centre of the 10x10 mm2 shots on textured, chemically polished, and mirror polished 
CZ-Si substrates. The silicide thickness uniformity along the pyramid facets and tips was evaluated by 
taking transmission electron microscopy (TEM) pictures after removing unreacted Ni. 
Fig. 2 shows the sheet resistance of nickel silicides formed as a function of laser fluence on textured, 
chemically polished, and mirror polished CZ-Si. 
 
Fig. 2. (a) Sheet resistance (Rsheet) of the silicides formed as a function of laser fluence. Unreacted Ni was removed prior to 
measurement. The respective silicide phase compositions are indicated as measured by Rutherford Backscattering (RBS). (b) 
Transmission electron microscopy (TEM) picture of a sample irradiated at 0.55 J/cm2. Energy dispersive X-ray spectroscopy (EDS) 
revealed the formation of NiSi. (c) TEM of a sample irradiated at 0.9 J/cm2. EDS showed NiSi and NiSi2 phase formation 
Nickel silicides are formed at fluences as low at 0.5 J/cm2. Possibly, this is due to the higher 
absorption of Ni in the UV region (λlaser=308 nm). As a result melting of Si (T~1400°C) at the interface 
with Ni can be reached at much lower fluence (0.5 J/cm2) than for bare Si (1.6 J/cm2). This was 
confirmed by 1D COMSOL simulations and was shown to be strongly dependent on Ni thickness with 
thick layers (>1 μm) requiring more than 1.6 J/cm2 to melt Si at the interface [12].  
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Rutherford backscattering measurements (RBS) were performed on mirror polished samples to 
determine phase composition (Fig. 2). RBS results indicate direct formation of NiSi at a fluence of around 
1 J/cm2 followed by the formation of the more resistive phases NiSi2 and NiSi3 above 1.5 J/cm2. For 
lower fluences than 1 J/cm2, the phase determination by RBS becomes difficult due to the too thin layers 
formed and hence Transmission electron microscopy (TEM) pictures were taken on pyramid textured 
samples to check the silicide phase and thickness. At 0.55 J/cm2, a thin and continuous NiSi layer is 
directly formed. This is beneficial as NiSi is known for its better contact resistance properties [2]. The 
silicide thickness is larger at the pyramid tip possibly due to heat confinement leading to deeper Si 
melting. As expected from reflectance measurements, the pyramid tip is more rounded at 0.9 J/cm2 due to 
Si melting. NiSi2 formation occurred locally in the pyramid tip where the temperature reached was the 
highest. Additionally, the interface with Si is still smooth unlike with conventional RTA processing 
which sees an increase in interface roughness with increased sintering temperature [2, 6]. This is an 
important feature of ELA as high interface roughness has been reported to increase junction leakage in 
shallow junction devices [6]. 
These results indicate that nickel silicide formation by ELA follows liquid-state kinetics unlike 
conventional RTA which follows solid-state kinetics. In solid-state kinetics, direct formation of NiSi is 
not possible. Ni2Si is formed first at temperatures in the range 250-300°C, then converted to NiSi at 300-
700°C, and finally to NiSi2 for temperatures >700°C. As a result, a balance needs to be found between 
forming the low contact resistance phase NiSi and minimizing junction shunting which occurs faster at 
elevated temperatures due to high Si consumption and fast Ni diffusion [6]. On the contrary, ELA enables 
to form directly the low resistive NiSi phase while minimizing Si consumption as shown in Fig 3.  
 
 
3.3. Impact of ELA on emitter passivation 
 
The impact of ELA on the emitter was evaluated by measuring for different ELA fluences the emitter 
dark saturation current density J0e using the method described in [13]. Large area, p-type, 1-3 Ω.cm, CZ-
Si wafers were random pyramid textured on both sides, then diffused (55 Ω/sq emitter) in a POCl3 
furnace, cleaned, and finally passivated on both sides by PECVD SiNx. The wafers were fired in a fast 
firing oven and divided in 4 zones, as shown in Fig. 3, subjected to different ELA fluences. J0e and 
effective lifetime τeff were estimated using quasi-steady-state photo-conductance-calibrated 
photoluminescence (QSSPC-PL, BTI imaging). J0e and τeff were performed as well on high resistivity 
(Rho > 200 Ohm.cm) n-type polished FZ-Si wafers. 
  
 
 
Wafer type Stack (both sides) measurement 
Textured 
p-type CZ 
SiN (75 nm) J0e 
Textured 
p-type CZ 
SiN/Ni (75/40 nm) J0e 
Polished 
n-type FZ 
SiN (90nm) J0e, τeff 
Polished 
n-type FZ 
SiN/Ni (90/40 nm) J0e, τeff 
Fig. 3. Schematic of (a) the cross-section and (b) the ELA fluence used for the Joe samples (c) Summary table of Joe and τeff tests 
In Fig. 4(a) it can be seen that τeff~250 μs, comparable to the reference (REF) that did not receive 
ELA, can be achieved with 0.5 J/cm2 when irradiating a Si/SiNx stack. This corresponds to the process 
sequence “A” where a thin Ni layer (<1 μm) would be selectively deposited (e.g. electroless Ni or Light 
Induced Plating (LIP)) in the SiNx openings and ELA would directly irradiate the un-metalized SiNx 
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region. As a result, the process window would be rather narrow with 0.5 J/cm2 required for silicide 
formation and 0.7 J/cm2 already causing passivation damage. However, it should be noted that 1D 
COMSOL simulations showed that this could be the result of the thick (90 nm) SiNx layer coupling the 
308 nm laser light better inside Si than with thinner SiNx (75 nm). In the latter case, a higher fluence (~ 
0.9 J/cm2) is required before melting Si [12].  With further optimization, a large enough process window 
could be found for ELA to work with industry compatible Ni deposition techniques such as LIP Ni and 
results will be reported elsewhere. 
τeff ~250 μs can be maintained for ELA fluence as high as 0.9 J/cm2 when the SiNx is protected by 40 
nm of PVD Ni as shown in Fig. 4 (b). This corresponds to the process sequence “B” where Ni is sputtered 
over the entire wafer area and self-aligned nickel silicides contacts are formed by ELA.  
 
 
 
Fig. 4. Calibrated τeff at 1x1016 cm-3 as obtained from QSSPC-PL on n-type FZ wafers as function of ELA fluence on (a) Si/SiNx 
(90 nm) and (b) Si/SiNx/Ni (90/40 nm). (c) J0e as obtained from QSSPC-PL on high resistivity n-type FZ wafers and p-type textured 
CZ wafers for different ELA fluences. In the case of a SiNx/Ni stack, Ni was removed prior to measuring τeff  or J0e 
J0e results, averaged over 3 wafers, for both p-type textured CZ-Si and n-type polished FZ-Si wafers, 
are summarized in Fig. 4 (c). Using a Si/SiNx/Ni stack, low J0e~170 fA/cm2 can be maintained up to 0.7 
J/cm2 on textured CZ-Si and up to 0.9 J/cm2 on polished FZ-Si. The reduced process window for textured 
samples is believed to be the result of Si melting occurring at lower fluence in the pyramid tips as shown 
previously. Finally, comparing the un-irradiated (REF) J0e results on FZ-Si, it is observed that the Si/SiNx 
stack (J0e~100 fA/cm2) yields significantly lower J0e values than the Si/SiNx/Ni stack (J0e~170 fA/cm2). 
This is possibly the result of sputter-induced damage during the Ni PVD as already reported for Al PVD 
on SiO2 films [14]. Though the achieved J0e values after ELA of the Si/SiNx/Ni stack (process sequence 
“A” with PVD Ni) were lower than after ELA of the Si/SiNx stack (process sequence “B”), PVD Ni was 
chosen to demonstrate ELA at cell level since it offers better Ni thickness control and repeatability.  
 
3.3.  Solar cell results 
Table 2 shows the I-V characteristics of large area PERC solar cells featuring either screen printed 
(SP) Ag front contacts or litho-free Ni/Cu front contacts where silicide formation was performed by ELA. 
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Table 2. I-V characteristics of large area (12.5x12.5 cm2) PERC type cells featuring an industrial shallow emitter (~85 Ω/sq)  
Device Jsc Voc FF Eta Rs pFF 
 [mA/cm2] [mV] [%] [%] [Ω.cm2] [%] 
Average SP (6 cells) 38.3 ±0.1 651.3 ±2.1 77.3 ±1 19.3 ±0.2 1.1 ±0.1 83.2 ±0.3 
best SP 38.4 653.5 77.8 19.5 1.0 83.4 
Average ps-laser + ELA (5 cells) 39.1 ±0.3 649.2 ±1.1 77.7 ±1 19.7 ±0.2 0.8 ±0.2 82.2 ±0.1 
Best ELA 39.3 649.8 78.3 20.0 0.7 82.1 
Absolute difference with SP 0.8 -2.1 0.4 0.5 -0.3 -1.1 
 
The ELA process enabled an absolute gain in Jsc of 0.8 mA/cm2 as well as a 0.3 Ω.cm2 drop in series 
resistance (Rs) compared to SP Ag contacts. This is explained by reduced shading and resistance losses. 
These gains directly translate in a 0.5%abs. increase in efficiency from 19.3% to 19.7% since other 
characteristics (Voc, pFF) were maintained to a similar level. The best cell with this ELA process reached 
an outstanding 20% energy conversion efficiency with Jsc=39.3 mA/cm2, Voc=649.8mV, and FF=78.3%.  
The high pFF obtained with the ELA process indicates that junction shunting of the shallow 85 Ω/sq 
emitter could be minimized using optimized process conditions. However, the long-term integrity of the 
shallow junction to both Cu and Ni diffusion remains questionable. Therefore, in the next phase, 
accelerated thermal tests as proposed in Ref. [15] will be performed together with standard IEC 61215 
(thermal cycling and 85ºC/85% relative humidity) testing. 
 
4. Conclusions 
In this work, we characterized nickel silicide formation by excimer laser annealing (ELA). Direct 
formation of the NiSi phase was shown at low laser fluence (0.5 J/cm2) while minimizing Si consumption 
and interface roughness. In addition, passivation properties could be maintained up to 0.7 J/cm2 on 
textured CZ-Si. This enabled nickel silicide formation by ELA using an original step-and-repeat approach 
to irradiate large portions of the wafer without damaging the emitter passivation. Finally, using this novel 
ELA process, we report energy conversion efficiency up to 20.0% on large area PERC type solar cells 
featuring and industrial shallow homogeneous emitter (~85 Ω/sq). 
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